Tumor cells require nominal increases in protein synthesis in order to maintain high proliferation rates. As 7 such, tumor cells must acquire enhanced ribosome production. How many of the mutations in tumor cells 8 ultimately achieve this aberrant production is largely unknown. The gene encoding ARF is the most commonly 9 deleted gene in human cancer. ARF plays a significant role in regulating ribosomal RNA synthesis and 10 processing, ribosome export into the cytoplasm, and global protein synthesis. Utilizing ribosome profiling, we 11 show that ARF is a major suppressor of 5'-terminal oligopyrimidine mRNA translation. Genes with increased 12 translational efficiency following loss of ARF include many ribosomal proteins and translation factors. 13 Knockout of p53 caused a similar increase in 5'-TOP mRNA translation. The 5'-TOP regulators mTORC1, eIF4G1 14 and LARP1 are dysregulated in ARF and p53 null cells. 15 16 17 18
Introduction

32
Accelerated cellular division and macromolecular growth of tumors is dependent on robust protein 33 synthesis. To meet this need, ribosome biogenesis and translation rates are frequently elevated in cancer cells 34 1 . Increased translation in cancer cells is often driven by activation of the mTORC1 pathway 1 .
35
Loss of the gene encoding the ARF tumor suppressor is the most common copy number variation in 36 cancer 2 . ARF is expressed in response to oncogenic stimuli -including the overexpression of Myc, oncogenic 37 Ras and chronic activation of the mTORC1-pathway 3,4 . The canonical function of ARF is to stabilize p53 by 38 sequestering MDM2 in the nucleolus 4-6 . In addition to its canonical role, ARF suppresses global protein 39 synthesis and ribosome biogenesis by regulating rRNA transcription and processing [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . ARF also regulates the 40 translation of specific mRNAs, including VEGFA and DROSHA 10,17 .
41
While ARF is known to regulate ribosome biogenesis, the p53-MDM2 axis senses dysregulation of disrupting eIF4G1 binding to the 5' end of the mRNA [23] [24] [25] . Activation of the mTORC1 pathway leads to 48 inhibition of LARP1 via phosphorylation by AKT and S6-kinase 23 . When phosphorylated, LARP1 binds the 49 3'UTR of 5'-TOP mRNAs and enhances translation 23 .
50
Here, we show that ARF selectively regulates the synthesis of ribosomal proteins and translation 51 factors containing 5'-TOP motifs within their mRNAs. Knockdown or knockout of ARF caused increase 52 translation of many 5'-TOP mRNAs. This effect of ARF-loss was dependent on p53 expression. Knockout of p53 53 caused a similar increase in the expression of some 5'-TOP mRNA encoded proteins. Finally, we observed 54 dysregulation of many regulators of 5'-TOP mRNA translation.
Results
56
Increased protein synthesis following loss of ARF 57 ARF has been previously identified as a regulator of global protein synthesis 10, 16 . To confirm these 58 previous findings, we assessed global protein synthesis using wildtype (WT) and Arf -/mouse embryonic 59 fibroblasts (MEFs). Polysome profiling of WT and Arf -/-MEFs revealed a shift of rRNA mass towards polysomes 60 in Arf -/-, indicating more translation in those cells, Figure 1a . This result is consistent with previous studies 10, 16 . 61 We further confirmed this observation by measuring the rate of puromycin incorporation into nascent 62 peptides in WT and Arf -/-MEFs. Puromycin is a translation elongation inhibitor that is incorporated into 63 nascent peptide during protein synthesis 26 . Using a puromycin antibody it is possible to detect 64 puromyclylated peptides. We observed an increase in puromycylated proteins in Arf -/-MEFs compared to WT 65 MEFs, Figure 1b , further confirming elevated protein synthesis in those cells.
66
Increased translation efficiency of 5'-TOP mRNAs upon ARF loss 67 Previously ARF has been identified to not only regulate translation globally but to specifically regulate 68 the translation of a subset of mRNAs 10,17 . To map global translational regulation by ARF we employed 69 ribosome profiling to measure changes in translation efficiency following ARF-loss. We performed ribosome 70 profiling and RNA-seq for WT MEFs transduced with either shSCR or shARF in addition to Arf -/-MEFs 71 transduced with shSCR. We identified differentially translated mRNAs using the metric translation efficiency 72 (TE), which is the ratio of ribosome profiling reads to total RNAseq reads for each gene 27 . Most mRNAs show 73 no significant difference in TE upon loss of ARF, Figure 2b and c. However, a subset of mRNAs showed a slight 74 but significant increase in translation following ARF-loss by either knockdown with shARF or knockout of Arf.
75
There is a significant correlation between fold change of TE following ARF knockdown and knockout, Figure 2d .
76 Gene ontology analysis of the genes with increased TE following knockout of Arf identified multiple GO terms 77 associated with translation, Figure 2e . A closer look at the genes with the biggest increase in TE revealed many 78 ribosomal proteins and translation factors. It has been well established that most ribosomal proteins and many translation factors contain a 5'-TOP motif 21, 22 . Analysis of our ribosome profiling results revealed that 80 many of the mRNAs with increased TE are known to contain a 5'-TOP motif, Figure 2f 21 . Furthermore, mRNAs 81 known to contain a 5'-TOP motif show a general increase in TE following knockout of Arf, Figure 2g .
82
To validate our ribosome profiling findings, we assessed the mRNA and protein abundance of several 83 5'-TOP genes in MEFs following ARF-loss. By immunoblot we observed increased protein abundance for the 5'-84 TOP genes PABP, TPT1 and RPL22, Figure 3a 
95
Increased translation efficiency of 5'-TOP mRNAs upon ARF loss is dependent on p53 96 ARF is a well-known activator of p53 4,5 . To test whether p53 is required for ARF-dependent regulation 97 of 5'-TOP mRNA translation we performed some of the experiments described above in p53 -/-MEFs.
98
Knockdown of ARF in p53 -/-MEFs had no effect on 5'-TOP mRNA protein or mRNA abundance, Figure 4a 
99
Furthermore, knockdown of ARF had no effect on the translation of the RPL23A reporter, Figure 4c . There was 100 no difference in polysome abundance between shSCR and shARF transduced p53 -/-MEFs indicating no changes 101 in total protein synthesis, Figure 4d . However, there were some changes in the abundance 40S and 60S 102 ribosomal subunits based on variations in peak heights. This observation mirrored that seen following knockout of Arf in WT MEFs. These findings indicate that p53 is required for ARF-dependent translational 104 regulation of 5'-TOP mRNAs.
105
Loss of ARF modestly affects the expression or activity of 5'-TOP regulators
106
The mTOR pathway is known to regulate 5'-TOP mRNAs through the phosphorylation and inactivation 107 of LARP1 23-25 . LARP1 is phosphorylated by the mTOR and the mTORC1 substrate S6-kinase 23 
119
The 5'-TOP mRNA regulator LARP1 is known to function by competing with the translation initiation 120 factor eIF4G 23,25 . Immunoblot analysis revealed a slight increase in eIF4G expression in ARF-null MEFs, Figure   121 4e-f. The same increase was observed in p53 -/-MEFs following ARF-knockdown, Supplementary Figure 6 . We 122 attempted to overexpress eIF4G1 in WT MEFs via lentiviral transduction, but due to the size of the coding 123 sequence the transduction efficiency was extremely low and thus we were unable to assess the importance of 124 increased eIF4G1 expression in ARF-null MEFs (data not shown).
125
LARP1 is a known regulator of 5'-TOP mRNA translation 23-25 . Immunoblot analysis of WT and ARF-null 126 MEFs showed increase protein abundance for LARP1, Figure 5f . There was no increase in LARP1 mRNA 6 expression in ARF-null MEFs relative to WT MEFs, Figure 5g . Knockdown of ARF in p53 -/-MEFs had no effect on 128 LARP1 expression, Supplementary Figure 6 . Given the dual role of LARP1 as both an enhancer and repressor of 129 5'-TOP mRNA translation 23 it is possible that elevated expression of LARP1 in this context could drive 5'-TOP 130 mRNA translation. However, knockdown of LARP1 had little to no effect on the expression of several 5'-TOP 131 genes in Arf -/-MEFs, Figure 4g -h. Only one of the two shRNAs targeting LARP1 had a significant effect on 132 expression but for only one of the 5'-TOP genes assessed -TPT1. These findings indicate that elevated LARP1 133 expression isn't likely to be the driving force behind increased 5'-TOP mRNA translation in following loss of 134 ARF, though it may have a role in the regulation of specific 5'-TOP mRNAs.
135
Loss of p53 causes upregulation of 5'-TOP mRNAs
136
Having observed a role for ARF in regulation 5'-TOP mRNA translation, we next sought to determine if 137 p53, which is tightly coupled to ARF expression, has a similar role. Polysome profiling revealed increased 138 translation in p53 -/-MEFs, as indicated by higher polysome peaks, Figure 6a . We used immunoblot analysis 139 and qPCR to determine the protein and mRNA expression of some of the 5'-TOP genes studied above. We 140 observed an increase in protein expression for two of the 5'-TOP genes (PABP and TPT1) in the p53 -/-, there 141 was no increase in RNA expression, Figure 6b -d. This is consistent with our findings from ARF-null MEFs.
142
Activity of the RPL23a reporter was significantly increased in p53 -/-MEFs, though the magnitude was small.
143
However, this experiment is confounded by a decrease in the expression of the SV40 driven reporter. This 
207
For measurement of translation rates by puromycin incorporation, MEFs were treated with 10 µM 208 puromycin at room temperature for the times indicated. As a control, cells were also treated with 100 µg/mL 209 cycloheximide for 5 minutes at 37 °C prior to addition of puromycin. Immediately following treatment, the 210 cells were washed with 1x PBS containing 100 µg/mL cycloheximide to inhibit further puromycin labeling. The 211 cells were harvested and lysed in RIPA buffer with 1x HALT (Pierce) and 100 µg/mL cycloheximide.
212
Immunoblot was performed as described above with anti-puromycin antibody (DSHB, University of Iowa). Ribosome footprinting was performed as described previously 32 ,with the use of RNase T1 (Thermo 248 Scientific) instead of RNase I for the footprinting step, see Supplementary Figure 2 . The lysates were treated 249 with 700 units of RNase T1 for 1 hour at room temperature with gentle mixing.
250
Following purification of the RNA footprints, sequencing library production was carried out for both 251 the fragmented total RNA and ribosome footprints using the previously described protocol 32 
